Ubiquitination of proteins plays an essential role in various cellular processes, including protein degradation, DNA repair, and cell signaling pathways. Previous studies have shown that protein ubiquitination is implicated in regulating pluripotency as well as fate determination of stem cells. To identify how protein ubiquitination affects differentiation of embryonic stem cells, we analyzed microarray data, which are available in the public domain, of E3 ligases and deubiquitinases whose levels changed during stem cell differentiation. Expression of pja2, a member of the RING-type E3 ligase family, was up-regulated during differentiation of stem cells. Wnt/β-catenin signaling is one of the most important signaling pathways for regulation of the self-renewal and differentiation of embryonic stem cells. Pja2 was shown to bind to TCF/LEF1, which are transcriptional factors for Wnt/β-catenin signaling, and regulate protein levels by ubiquitination, leading to down-regulation of Wnt signaling activity. Based on these results, we suggest that E3 ligase Pja2 regulates stem cell differentiation by controlling the level of TCF/LEF1 by ubiquitination.
Introduction
Embryonic stem cells (ESCs) have pluripotency and differentiation capacity, which are useful for various clinical applications (1, 2) . Regulation of stemness and differentiation of ESCs have been major goals of researchers for decades. Treatment with small molecules or recombinant proteins as well as overexpression or knockdown of proteins involved in various signaling pathways have been utilized for regulation of ESC differentiation (3) (4) (5) (6) (7) . For differentiation of ESCs, expression levels of numerous proteins must be sufficiently altered in order to overcome the differentiation barrier at an early stage. To overcome this barrier, we hypothesized that levels of proteins specifically related to maintenance of stemness should be down-regulated. E3 ligases and deubiquitinases (DUBs) play crucial roles in the regulation of protein levels by proteasomal degradation (8) . We analyzed publically available microarray databases and searched for E3 ligases whose levels were altered during differentiation.
Pja2 is a RING domain E3-ubiquitin ligase that is expressed in most mammalian tissues. Originally, pja2 was named as Neurodap1 due to its function related to neurodegeneration (9, 10) . Pja2 participates in several signaling pathways as a protein regulatory factor. Upon cyclic AMP stimulation, pja2 ubiquitinates the regulatory (R) subunit of PKA, which plays an inhibitory role against PKA activity. Induced proteasomal degradation of R-subunit by pja2 promotes cAMP-mediated target gene expression (11) . Pja2 also regulates hippo signaling via ubiquitina-tion-dependent proteolytic degradation of mob1, which causes inhibition of Lats1/2. Inhibition of Lats1/2 enhances expression of yap target genes. Finally, overexpressed pja2 induces cell proliferation in human glioblastoma (12) . However, the function of pja2 in stem cell differentiation remains elusive. Wnt signaling has been described as a regulator of ESCs, although its role in ESC differentiation is still debatable. Activation of Wnt signaling is required for various types of stem cell maintenance and differentiation (13, 14) . However, according to several reports, transcriptional activity of β-catenin does not play a role in mouse ESC differentiation (15) . Activated Wnt signaling induces nuclear translocation of β-catenin, which proceeds to interact with the transcription factors TCF/LEF1 and enhance expression of their target genes. The levels of TCF/LEF1 are regulated at multiple stages from transcriptional regulation to post-translational modification (16) (17) (18) (19) .
Here, we report an inverse correlation between the levels of pja2 and TCF/LEF1 during differentiation of mouse ESCs and provide an evidence that pja2 is an E3 ligase for TCF/LEF1. Our data suggest that pja2 interacts with TCF/LEF1 and enhances ubiquitin-mediated proteasomal degradation of TCF/LEF1.
Materials and Methods

Culture of cells and Transfection
Mouse E14 embryonic stem cells (mESCs) and human embryonic kidney HEK293T cells were used for the experiments. mESCs were cultured on tissue culture plates (Sigma) pre-coated with 0.2% gelatin at 37 o C in a 5% CO2 incubator. Cell culture media are consisted of 15% fetal bovine serum (FBS, Biowest), 1 mM sodium pyruvate (GIBCO), 100X non-essential amino acid (Corning), 0.1 mM β-mercaptoethanol (GIBCO), 100X GlutaMAX (GIBCO), Tylosine (Sigma), and 1,000 U/mL of LIF (conditioned media). LIF-containing media were produced from Cos7 cells transfected with LIF cDNA by Lipofectamine. Subculture was performed by 0.01% trypsin treatment for 3 min in a 37 o C incubator. After incubation, trypsin was neutralized by FBS-containing media, and mESCs were collected by centrifugation. Subsequently, mESCs were plated on a pre-coated culture dish. HEK293T cells were maintained on a SPL tissue culture plate with Dulbecco's Modified Eagle's Medium (DMEM). Media contained 10% fetal bovine serum (FBS, Gibco) and 1X antibiotics (anti-anti, Gibco). Subculture was performed with 0.05% trypsin. Cells were re-suspended with FBS-containing media for neutralization and re-plated on a tissue culture plate. Calcium phosphate method was used for plasmid DNA transfection.
mESC differentiation
Differentiation of mESC was induced by removing LIF from culture media. The media for mESC were substituted with media without LIF 1 day after subculture. Every 2 days, media were exchanged with fresh media.
cDNA synthesis and quantitative PCR mRNAs from E14 and HEK293T cells were isolated by TRIzol (Thermo Fisher) according to the manufacturer's protocol. RTase mastermix (TOYOBO) was used for cDNA synthesis. qPCR was performed by using CFX Connect TM real-time PCR (BIO-RAD) with SYBR qPCR mix (TOYOBO).
Immunoprecipitation and immunoblotting
Cell lysates were prepared in lysis buffer (20 mM Tris-HCl pH7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, and 1 mM sodium orthovanadate). Lysates were immunoprecipitated overnight using the indicated antibody. Subsequently, immunoprecipitates were pulled down by protein A/G plus agarose beads (Santa Cruz). After elution by boiling, proteins were separated by SDS-PAGE and transferred onto a PVDF membrane. Each primary antibody was treated overnight with 5% BSA or 5% skim milk at 4 o C. Mouse and rabbit secondary antibodies were treated for 2 hours at room temperature. Proteins were detected by MicroChemi 4.2 (DNR Bio-Imaging System). The following antibodies were used: anti-pja2 (Bethyl), anti-TCF1 (cell signaling), anti-LEF1 (cell signaling), anti-HA (Santa Cruz), anti-Myc (Abm), anti-Oct4 (Santa Cruz), and anti-Flag (Sigma).
Luciferase assay
TOP-luciferase reporter plasmid, pRL-TK-Renilla, and the plasmids indicated in the figure were transfected into HEK293T cells plated on a 12-well plate. At 16 hours after transfection, luciferase assay was performed according to the manufacturer's protocol (Promega, #E1960), and its activity was measured by a GLOMAX 20/20 luminometer (Promega). Transfection efficiency was normalized by pRL-TK-Renilla-mediated luciferase activity. 
Results
Increased level of Ring-finger domain E3 ligase pja2 during differentiation of mouse embryonic stem cells
We analyzed publically available microarray databases and searched for E3 ligases whose levels increased during differentiation. pja2 showed appropriate expression patterns in our analysis. To assess the validity of the observed increased in pja2 RNA expression in the microarray analysis, we differentiated mESCs by removal of LIF and performed quantitative real-time PCR. As shown in Figure  1A , pja2 RNA expression increased during mESC differentiation (Fig. 1A) . Western blot showed that pja2 protein levels increased consistent with its RNA expression, while the level of Oct4, a marker for undifferentiated mESC, was decreased (Fig. 1B) . These data indicate that pja2 mRNA and protein levels increased during mESC differentiation.
pja2 negatively regulates Wnt/β-catenin signaling
Wnt signaling is known to play critical roles both in the maintenance of stemness as well as differentiation of ESCs. Reduced Wnt/β-catenin signaling initiates differentiation of mESCs. Thus, we hypothesized that Wnt signaling components can be putative targets of pja2. We tested this hypothesis by performing Wnt reporter luciferase assay. Ectopic expression of HA-tagged pja2 reduced relative luciferase activity under control (L-CM) or Wnt3a-conditioned media (Wnt3a-CM) conditions ( Fig.  2A) . To elucidate which components of the Wnt signaling pathway are targeted by pja2, additional reporter assays were performed. Each Wnt signaling activating component, including LRPΔN (constitutive active LRP), Dvl, β-catenin, TCF1, LEF1, and VP16-LEFΔN (constitutive active LEF1), was overexpressed with pja2. All luciferase activities induced by Wnt activating components were reduced by pja2 overexpression, and even VP16-LEFΔN-induced signaling was down-regulated (Fig. 2B) . These results suggest that pja2 inhibited Wnt/β-catenin signaling at the same level or downstream of TCF/LEF1.
pja2 interacts with and reduces the level of TCF/LEF1
Our data shown in Figure 2 suggest that TCF and/or LEF are putative targets of pja2. Thus, we examined the protein dynamics of pja2 and TCF/LEF during mESC differentiation. Results from the Western blot show that the levels of TCF1, LEF1, and Oct4 decreased during mESC differentiation. Interestingly, the level of pja2 showed an inverse correlation during mESC differentiation (Fig. 3) . To regulate target proteins, E3 ligase should interact with its substrates. We then investigated the interaction between pja2 and TCF/LEF1. Immunoprecipitation analysis found that pja2 and TCF/LEF1 clearly interacted with each other (Fig. 4A) . However, the inverse correlation protein dynamics and protein interaction data do not prove that pja2 inhibited the level of TCF/LEF1. Knockdown of human PJA2 by siRNAs increased both TCF1 and LEF1 levels in HEK293T cells, whereas co-transfection with pja2 plasmid, which contains a mutated sequence resistant to PJA2-specific siRNAs, reduced levels of TCF1 and LEF1 (Fig. 4B) . Since ectopic expression of pja2 reduced the levels of TCF1 and LEF1, we tested whether or not pja2 could enhance ubiquitination of TCF1 and LEF1. MYC-tagged pja2 was transfected with HA-tagged TCF1 and LEF1 into HEK293T cells along with Flag-tagged Ub. Lysates were immunoprecipitated with anti-HA antibody and immunoblotted with anti-Flag antibody. As shown in Figure 4C and 4D, TCF1 and LEF1 were more ubiquitinated by pja2 (Fig. 4C, D) . Although further study is needed to verify that the level of TCF/LEF1 is directly down-regulated by pja2 during mESC differentiation, our current data indicate that pja2 interacted with and down-regulated TCF/LEF1 by enhancing ubiquitination.
Discussion
Embryonic stem cells can self-renew and differentiate into cells of three germ layers, including ectoderm, mesoderm, and endoderm. Discovery of proper controlling procedures for self-renewal and differentiation is a major goal for stem cell researchers. The lists of proteins expressed in undifferentiated and differentiated embryonic stem cells are obviously different. These differences are achieved by the regulation of differential gene expression at the transcriptional level as well as regulation of protein stability at the post-transcriptional level. Interestingly, ubiquitination levels of proteins dramatically increase during the transition from undifferentiated to differentiated mESCs (unpublished data). We propose that the rapid removal of undifferentiated stem cell-specific proteins might be mediated by the ubiquitin-proteasome pathway. Therefore, we searched for E3 ligases whose levels increased during differentiation by using microarray databases open to the public. Multiple candidates such as pja2 were identified.
Levels of both pja2 mRNA and protein increased during differentiation of mESCs (Fig. 1) . Our findings suggest that the E3 ligase pja2 definitely interacted with TCF/LEF1 and regulated their stability through ubiquitin E3 ligase activity. Since Wnt/β-catenin signaling is important for the regulation of stem cell differentiation, we tested whether or not pja2 could regulate Wnt/β-catenin signaling. Our data show that pja2 inhibited Wnt/β -catenin signaling by reducing the levels of TCF/LEF1. Interestingly, we observed an inverse correlation between the levels of pja2 and TCF/LEF1. Although further study is needed, our data suggest that Wnt/β-catenin signaling may be regulated during ESC differentiation by the E3 ligase activity of pja2 on TCF/LEF1. Pja2 also regulates Hippo signaling by reducing the level of mob1, which resulting in increased YAP/TAZ-mediated expression of target genes involved in proliferation and anti-apoptosis (12) . Therefore, increased pja2 activity during differentiation of mESCs could lead to inhibition of Wnt/β-catenin signaling and activation of YAP/TAZ signaling, resulting in opposite effects when only considering the roles of these signaling pathways in the regulation of proliferation. However, as YAP was shown to be necessary for the differentiation of mESCs (20) , it would be interesting to test whether or not pja2 controls differentiation of mESCs by regulation of both Wnt/β-catenin and Hippo signaling.
